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Porcine heart mitochondrial  malate  dehydrogenase 
(L-malate:NAD+  oxidoreductase,  EC 1.1.1.37) has been 
immobilized by covalent attachment to CNBr-activated 
Sepharose 4B-CL gel. The gel was activated with low 
levels of  CNBr to produce a low density of linkage sites 
and, hence, to facilitate linkage of the enzyme  through 
a single subunit.  Matrix-bound  mitochondrial  malate 
dehydrogenase was found to possess 50-65% of the 
native mitochondrial malate dehydrogenase specific 
activity when assayed in the NAD’ -+ NADH  direction 
but only 5-15% of the native enzyme specific  activity 
when assayed in the NADH -+ NAD‘ direction. MB- 
dimeric  mitochondrial  malate  dehydrogenase was dis- 
sociated to MB-monomer  by exposure to pH 5.0 buffer. 
The MB-monomer was found to be catalytically  active, 
possessing only a slightly decreased specific activity 
when compared to MB-dimer. The reconstitution of 
MB-monomer to MB-dimer was accomplished by add- 
ing dissociated mitochondrial  malate  dehydrogenase, 
which exists at pH 5.0, to MB-monomer and adjusting 
to pH 7.5. The kinetic parameters,  pH  activity  profile, 
and stability toward heat denaturation  for  MB-mito- 
chondrial  malate  dehydrogenase  (monomer and dimer) 
were determined and compared to native mitochon- 
drial malate  dehydrogenase.  MB-mitochondrial  malate 
dehydrogenase exhibited enhanced stability and  simi- 
lar pH  activity  profiles when compared to native mi- 
tochondrial malate dehydrogenase.  Immobilization of 
mitochondrial malate dehydrogenase altered the  en-  
zyme’s kinetic parameters in such a manner as to  in- 
crease the values of K,,, for the substrates and decrease 
the values of Vmm. 
The pyridine-nucleotide-linked dehydrogenases have gen- 
erally been found to be  multisubunit complexes. A major goal 
in the elucidation of the mechanism of action of these enzymes 
has been the determination of the role of subunit interactions 
in their catalytic function. The importance of subunit  inter- 
actions in the regulation of many oligomeric enzymes has 
been implied, but, in general, the roles of subunit interactions 
in enzymatic function have  not yet been established. 
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= 70,000 dimer of identical subunits  and  has no clearly defined 
allosteric regulatory properties. The enzyme has been shown 
to undergo a pH and  concentration-dependent dissociation (1, 
2). Although mitochondrial malate dehydrogenase has never 
been shown to exhibit “half of the sites reactivity” with any 
of the selective chemical modifications which inactivate it (3- 
7), recent  studies have demonstrated  anticooperative binding 
of NADH to  the dimeric enzyme (8) lending support  to the 
reciprocating mechanism proposed by Harada  and Wolfe (28). 
However, a  contradictory  report has also recently appeared 
which suggests the absence of cooperativity in NADH binding 
and  that  the NADH binding sites on each subunit are inde- 
pendent and indistinguishable (9). In light of these observa- 
tions, the role of subunit  interactions in enzyme function is of 
particular  interest for mitochondrial malate dehydrogenase. 
In this regard, it is of prime  importance to determine  whether 
the enzyme is able  to  function catalytically as a monomer and 
if such activity is present,  to compare its kinetic parameters 
to those of the native enzyme. 
The major difficulty which has limited progress in the study 
of subunit  interactions is the very nature of these  interactions 
themselves. In most cases, the native oligomeric structure is 
not easily dissociated, thus making it almost impossible to 
investigate the native monomeric form of the enzyme. More 
drastic conditions utilizing protein denaturants  are in most 
cases unsatisfactory in that extensive subunit unfolding and 
loss of enzymatic activity also occur. Previous attempts by 
others  to measure the enzymatic activity of monomer-mito- 
chondrial malate dehydrogenase have utilized extremes of pH 
or denaturing conditions (10) and have also been unsuccessful. 
Recent investigations reported that mitochondrial malate  de- 
hydrogenase can be easily dissociated into its constituent 
subunits under rather mild conditions (I, 2 ) .  However, the 
presence of the enzymatic cofactors of this enzyme apparently 
facilitates the reassociation of the subunits of this enzyme 
thus making it impossible to investigate the kinetic parame- 
ters of the free monomeric form of the enzyme. In this  present 
investigation, the technique of enzyme immobilization, devel- 
oped by Chan and co-workers (11-13), has been used to allow 
comparison of matrix-bound dimer (MB-dimer mitochondrial 
malate  dehydrogenase) with MB-monomer mitochondrial 
malate dehydrogenase. This  technique was fiist used to isolate 
subunits of aldolase and to demonstrate that they are catalyt- 
ically active (11). Since that time, this technique has been 
used to study  the subunit  activity of many oligomeric enzymes 
including lactate dehydrogenase (14, 15), glutamate  dehydro- 
genase (16), glyceraldehyde-3-phosphate dehydrogenase (17), 
transketolase (18), diol dehydrase (191, and alkaline phospha- 
tase (20). 
Using this  approach, dimeric mitochondrial malate  dehy- 
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drogenase was covalently attached to an insoluble matrix 
which was prepared in such a manner as to possess a low 
density of linkage sites  to  facilitate  attachment of the enzyme 
through a single subunit.  Since mitochondria1 malate  dehy- 
drogenase  has previously been  shown to dissociate into mon- 
omers at  pH 5.0, MB-dimer was  dissociated to  MB-monomer 
by  washing the gel with pH 5.0 buffer.  Although monomers in 
solution at  pH 5.0 reassociate rapidly in the presence of 
NADH or NAD+,  MB-monomer  is  prevented  from reassociat- 
ing because of the  attachment of the  subunits  to  the rigid 
support. 
EXPERIMENTAL PROCEDURES 
Materials-Porcine  heart  mitochondrial  malate  dehydrogenase 
was  purified  from acetone powders of fresh pig hearts  as previously 
described by Gregory et al. (4). NADH, NAD’, oxalacetic acid, L- 
malic  acid, Sepharose 4B-CL, and  CNBr were purchased  from  Sigma 
Chemical Co. Monoethanolamine was obtained  from  Fisher Scientific 
co .  
Enzymatic Assays-For mitochondrial malate dehydrogenase in 
soluation,  assays  in  the NAD’ - NADH direction  were  performed as 
previously reported by Gregory et al. (4). Assays in the NADH + 
NAD’ direction were performed using a standard assay of 50 mM 
sodium phosphate buffer, 0.25 mM oxalacetic acid, and 0.20 mM 
NADH,  pH 7.5. The change  in  absorbance a t  340 nm was measured 
on either a Pye-Unicam sp800 or sp1800 recording spectrophotometer. 
Protein concentration for mitochondrial malate dehydrogenase in 
solution was determined  spectrophotometrically using the previously 
reported  extinction coefficient of E?:, = 2.53. Assays of immobilized 
mitochondrial malate  dehydrogenase  in  the NAD’ - NADH direc- 
tion were performed with a standard assay mix of 90 mM sodium 
pyrophosphate buffer (pH 10.8), 4.0 m~ NAD’, and 33.3 mM sodium 
L-malate. Gel containing immobilized enzyme was centrifuged; the 
packed gel volume  was determined in graduated centrifuge tubes,  and 
a  suspension of the gel was prepared. Aliquots of a uniform  suspension 
of gel were assayed with continuous stirring within the cuvette. 
Stirring was achieved using a  magnetic stirring  button in the  cuvette 
turned by an  air-driven  stirring wheel mounted  in  the  spectrophotom- 
eter  beneath  the cell holder.  Assays in  the  NADH + NAD’ direction 
were  performed  similarly in  an assay mix of 50 mM sodium phosphate 
buffer, pH 7.5,  0.4 mM NADH,  and 0.25 mM oxalacetic  acid. Protein 
concentration was determined by amino acid  analysis of samples of 
gel containing immobilized mitochondrial malate dehydrogenase as 
described below. 
Immobilized Protein Quantification by Amino  Acid Analysis- 
All samples for amino acid analysis were lyophilized and  then acid 
hydrolyzed in 6 N HC1 in uacuo a t  110°C for 24 h. Analyses were 
performed on a Glenco model 100-AS amino acid analyzer by the 
method of Spackman et al. (21). Control samples of activated gel, 
blocked with  ethanolamine  without linkage to  mitochondrial  malate 
dehydrogenase, were analyzed to allow calculation of the “back- 
ground” amino acids in the gel. The background was somewhat 
variable and was subtracted  out  when necessary but was generally 
insignificant. The previously published amino acid composition of 
mitochondrial  malate  dehydrogenase was used to  ascertain  the 
amount of immobilized enzyme  (22). 
Preparation of Immobilized  Mitochondrial  Malate  Dehydrogen- 
ase-Mitochondrial malate  dehydrogenase was immobilized on  Seph- 
arose 4B-CL beads based on the procedure of Axen et al. (23) as 
modified by Cuatrecasas (24). The gel was washed  with 0.1 M NaCl 
and H20  and  the packed gel volume  was determined. A 1:l slurry of 
the gel was prepared in H 2 0  and  the gel was degassed. To  the 1:l 
slurry of gel an equal volume of 2 M Na2CO:, was added and the 
mixture was chilled on ice. The chilled mixture was rapidly stirred 
while CNBr dissolved in acetonitrile was added  to  make 2-15 mg of 
CNBr/ml of gel depending on the  preparation. After 2 min, the gel 
was fdtered  and washed  with  5  volumes of ice-cold Hz0  and  then 5 
volumes of ice-cold linking buffer and 0.1 M sodium phosphate, 
pH 8.5. A 1:l slurry of the  activated gel was then  prepared in cold 
linking  buffer  containing 1-1.5 mg  of mitochondrial  malate  dehydro- 
genase/ml of activated gel. For most  mitochondrial  malate  dehydro- 
genase preparations, before dilution of the mitochondrial malate 
dehydrogenase  into  the  activated gel slurry, a stoichiometric  amount 
of NADH  and a 5- to IO-fold excess of sodium L-malate  were added 
for protection of the active site. The resin slurry was then stirred 
slowly a t  4OC overnight. The gel slurry was then made 0.5 M in 
ethanolamine/HCl,  pH 8.5, to block excess linkage sites.  The gel was 
allowed to stir at  4°C  for an  additional 12-18 h. Noncovalently bound 
mitochondrial  malate dehydrogenase was removed by suspending  the 
gel in 1-2 volumes of wash buffer, 0.05 M sodium phosphate,  pH 7.5, 
and 0.5 M NaCl at 4°C and stirring for several minutes and then 
fdtering. This  procedure was repeated twice and  the gel was washed 
in  the  same  manner four additional  times with 0.05 M sodium  phos- 
phate, pH 7.5, a t  4OC. The gel was stored in a minimum  volume of 
the  same buffer at  4°C. 
Dissociation and  Reconstitution of MB-dimer  Mitochondrial 
Malate Dehydrogenase-Dissociation of MB-dimer mitochondrial 
malate  dehydrogenase was  achieved by washing the gel with 0.05 M 
sodium phosphate buffer, pH 5.0 (-dissociation buffer). The gel to be 
washed was  packed in a small column. Small  batches of MB-monomer 
were prepared at  one  time involving column bed volumes of 5-10 ml 
of gel. The column was then washed  with the dissociation  buffer a t  
4°C for designated wash times (see “Discussion”). Flow rates were 
gravity  determined  and varied  from 60-90 ml/h. At the  end of the  pH 
5.0 wash time, aliquots of resin to be reconstituted were removed. 
Then  the  column  lead was switched to 0.05 M sodium phosphate,  pH 
7.5, and  the column  was  washed  for an  additional  time  to  return  the 
pH  to 7.5. MB-monomer to be reconstituted was adjusted to a 1:l 
slurry in 0.05 M sodium phosphate, pH 5.0, containing 1-1.5 mg of 
mitochondrial malate dehydrogenase/ml of packed gel. The slurry 
was  stirred for 20 min at  0°C and  the  pH was adjusted  to  pH 7.5  by 
addition of  0.2 M sodium phosphate,  pH 11.0. The  slurry was then left 
stirring slowly a t  4°C overnight. Unbound mitochondrial malate 
dehydrogenase was removed using the same wash procedure used in 
the  preparation of immobilized mitochondrial  malate dehydrogenase. 
Heat  Denaturation of Mitochondrial  Malate  Dehydrogenase- 
Samples of native  mitochondrial  malate dehydrogenase, a t  1.5 mg/ 
ml, MB-dimer,  and MB-monomer  all in 0.05 M sodium phosphate,  pH 
7.5, were incubated a t  51°C beginning a t  time zero. Samples were 
assayed for enzymatic  activity a t  time  intervals with the NAD’ ”-* 
NADH  assay for native  or immobilized mitochondrial malate  dehy- 
drogenase as described  above. 
pH Activity Profiles-Assays were  performed as described  above, 
except  that  aliquots of the sodium pyrophosphate  or sodium phos- 
phate used in making the assay mixes were adjusted  to  each  pH  to be 
studied before preparation of the  assay mixes. In  addition,  the sodium 
phosphate buffer concentration used in  the  NADH --f NAD+ assays 
was increased  from 50 mM to 100 m ~ .  The  pH of the assay mixture 
was measured  after  the assay. Assays a t  each pH were performed in 
duplicate  and  the  results were averaged. The specific activity a t  each 
pH was calculated based on protein quantification of immobilized 
mitochondrial  malate dehydrogenase by amino acid analysis as  de- 
scribed  above. 
Steady  State Kinetics-The K, for NAD’ and  malate was deter- 
mined for native  and immobilized mitochondrial  malate  dehydrogen- 
ase with the assays described above. Stock solutions of sodium L- 
malate  and NAD’ were prepared  such  that  the  highest  concentrations 
were for malate (33.3 mM) and for NAD’ (4.0 mM). Dilutions of the 
stock  solutions were prepared for assays at  lower substrate concen- 
trations. Assays a t  each  substrate  concentration were performed in 
triplicate and the results were averaged. An expanded absorbance 
scale of 0-0.2 for  full range was  used to allow measurement of the 
initial  reaction velocity a t  low substrate  concentrations.  The recip- 
rocal of the  reaction velocity  was plotted versus the reciprocal of the 
substrate  concentration  and  least  squares  analyses were performed  to 
determine  the  intercepts  and, hence, the  apparent V,,, and K , .  Each 
experiment was repeated  one  time  or  more to ensure reproducibility 
in the  calculated  values which is estimated  to be plus or minus 15% 
from the average  values reported.  The K,  for NADH  and oxalacetic 
acid was determined similarly, using the  assays described  above. The 
concentration of oxalacetic  acid was held saturating  at 0.25 mM, while 
the  concentration of NADH was  varied. The  apparent V,,,,, and  the 
K,, for NADH were determined as described  above. In  experiments 
where  the  concentration of oxalacetic  acid  was  varied, different fixed 
subsaturating  concentrations of NADH were  used.  Double  reciprocal 
plots of these  data allowed calculations of the K,, for oxalacetic  acid. 
From a replot of the  Y-intercepts versus the reciprocal of the fixed 
concentration of NADH,  the V,,,,, was determined. On repetition of 
these  experiments,  the K,, values  were  found to  be  more variable than 
for  NAD+  and  malate.  The  values  are  estimated  to be reproducible to 
plus  or  minus 25% from  the average value which  was reported, except 
for values calculated for MB-monomer which are estimated to be 
reproducible to plus or minus 35%. MB-monomer used in kinetic 
experiments was  produced by dissociation of MB-dimer with  a  90-min 
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wash at pH 5.0 as described above and possessed 55% of the MB- 
dimer protein. 
Measurement of Intrinsic Protein Fluorescence of Matrix- bound 
Mitochondrial Malate Dehydrogenase Monomer-Intrinsic  protein 
fluorescence was  measured  on a Hitachi-Perkin Elmer MPF-2A single 
beam fluorescence spectrophotometer. The cell compartment was 
thermostatted at 10°C. MB-monomer was  prepared as described 
above. At 3-ml  quartz  fluorimeter cell was  gravity  packed  with MB- 
monomer  in 0.05 M sodium phosphate buffer, pH 7.5, at 10°C for 30 
min. Protein fluorescence was excited at 280 nm and emission was 
monitored at 310  nm with a 290-nm emission cutoff filter. An emission 
scan gave a similar spectra to native dimeric mitochondrial malate 
dehydrogenase. A second sample of MB-monomer was fdtered and 
gravity  packed in a quartz fluorimeter cell in 0.05 M sodium phosphate 
at pH 5.0 and at 10°C for 30 min. The change  in the protein 
fluorescence emission at 310 nm  was monitored over time using the 
fluorescence of the MB-monomer in the pH 7.5 buffer as a reference 
for each measurement. The fluorescence of the reference was assigned 
a value of 100%. For each measurement, a base-line fluorescence was 
determined using the control gel which was CNBr-activated and 
blocked with ethanolamine without linkage of protein. Reactivation 
was achieved by fdtering the gel  and  repacking the gel  in the pH 7.5 
buffer. 
RESULTS AND  DISCUSSION 
Cyanogen  bromide  activation of Sepharose  has previously 
been shown to result in the formation of imidocarbonate 
linkage sites within the  carbohydrate  matrix.  These  sites  are 
reactive  toward  unprotonated E amino  groups of lysines re- 
sulting in covalent  attachment of protein  to  the  resin matrix. 
In a study of transaldolase,  activation of Sepharose gel with 
5 mg of CNBr/ml of packed gel produced a sufficiently low 
level of activation  to allow linkage of the  tetrameric  protein 
through a single subunit (25). In a recent  study of immobilized 
alkaline  phosphatase, however, the  CNBr  to  resin  ratio  had 
to be reduced  to 1.0 m g / d  of packed gel or less to achieve a 
sufficiently low density of linkage sites (20). In  that  study, gel 
activation was allowed to proceed  for 12 min at room temper- 
ature and activation with 0.5-1.0 mg of CNBr/ml of gel 
resulted in 100-200 pg of protein bound/ml of gel. In this 
study, gel activation  with  CNBr was carried  out a t  0°C for 2 
min. Activation with 10-15 mg of CNBr/ml of gel resulted in 
the  covalent  attachment of 100-200 pg of mitochondrial  mal- 
ate  dehydrogenase  to  the gel. Activation of the gel with lower 
levels of CNBr resulted in insufficient amounts of bound 
protein.  The  approach used here is illustrated in Scheme I. 
The data presented in Table I pertain to mitochondrial 
malate  dehydrogenase covalently attached  to  Sepharose 4B- 
CL resin which was activated with 15 mg of CNBr/ml of 
packed gel. MB-dimer  mitochondrial  malate  dehydrogenase, 
when  assayed  in the NAD' -+ NADH direction  under  satu- 
rating  substrate  concentrations, exhibited,  in several different 
experiments, 50-65% of the specific activity of native  mito- 
chondrial malate dehydrogenase. When the gel, containing 
MB-dimer  was washed with 0.05 M sodium  phosphate.  pH 5.0, 
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SCHEME I. The  scheme  for  the  present  study of the  isolated 
mitochondrial  malate  dehydrogenase  monomer. 
TABLE I 
The dissociation and reconstitution of matrix-bound mitochondrial 
malate dehydrogenase 
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approximately  in half. Thus,  MB-dimer mitochondrial malate 
dehydrogenase  has  apparently  been dissociated yielding MB- 
monomer.  The specific activity of MB-monomer was  found to 
be only slightly  lower than  MB-dimer,  about 50-55% of that 
of native  mitochondrial  malate dehydrogenase. These  results 
are  interpreted  as evidence  for  active subunits of mitochon- 
drial malate dehydrogenase. Another possibility to be consid- 
ered  is that matrix-bound  subunits  may still be  able  to  interact 
with each  other. However, this possibility is unlikely due  to 
the low level of matrix-bound  protein used and  to  the rigidity 
of the matrix support. Results for one preparation of MB- 
mitochondrial  malate dehydrogenase are given in Table 1. 
Similar  MB-monomer  activity levels were  observed  when 
the  pH 5.0 wash time was varied between 1 and 3 h.  With 
longer periods of wash at   pH 5.0, there was a decrease in 
matrix-bound enzyme activity. It is of interest  to note, how- 
ever, that  the prot,ein level was not  further decreased even 
when the  resin was washed at  pH 5.0 for as long as 8% h,  the 
longest time examined. This finding suggests some degree of 
instability for MB-monomer at pH 5.0. After return  to  pH 7.5, 
MB-monomer was  completely stable  for a  period of 1 week. 
Concurrent studies on the kinetics of the reassociation of 
mitochondrial malate dehydrogenase monomers in solution 
have  indicated  that  monomers formed  by  dissociation at  pH 
5.0 undergo  a  conformational  change. This  change may pos- 
sibly involve a cis-trans-isomerization  about 1 proline  residue 
or more,  producing an  inactive  monomer species. This confor- 
mational  change was correlated with an  increase in intrinsic 
protein fluorescence (26). Association of MB-mitochondrial 
malate  dehydrogenase with the rigid matrix backbone appears 
to stabilize the  MB-monomer  such  that dissociation  occurs at  
pH 5.0 but the conformational change to yield an inactive 
MB-monomer occurs a t  a  relatively slow rate. However, by 
maintaining  the  MB-monomer  at  pH 5.0 for long periods of 
time, a slow loss of enzymatic  activity  does occur. This  inac- 
tivation  can be partially reversed by subsequent  incubation a t  
pH 7.5. This  phenomenon is illustrated in Fig. 1, A and B. 
In  the accompanying paper,  it was not possible to differen- 
tiate  between dissociation of the  subunits  and a subsequent 
conformational  change of the  monomer  into  an inactive spe- 
cies. In  this  present work, as indicated  in Fig. lB, the changes 
in intrinsic protein fluorescence could be  directly correlated 
with the loss and regain of enzymatic activity in the MB- 
monomer. Therefore, in this case, the change in intrinsic 
fluorescence is not directly the  result of dissociation of the 
subunits,  but  is  rather a subsequent  change in the  monomer 
conformation. 
MB-monomer was shown to  have  the  ability  to reassociate 
with  added  mitochondrial  malate dehydrogenase monomers 
in solution  resulting in reconstitution  to MB-dimer. In typical 
experiments,  the  protein  and  activity levels were restored  to 
85-100% of the initial  values for MB-dimer.  Control experi- 
ments  indicate  that  neither  Sepharose 4B-CL nor  activated 
and ethanolamine-blocked Sepharose 4B-CL interacts with 
mitochondrial malate dehydrogenase to a significant extent 
during  this  reconstitution procedure. Hence,  the  restoration 
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FIG. 1. The change in enzymatic activity and  intrinsic pro- 
tein fluorescence, MB-monomer mitochondrial malate dehy- 
drogenase upon incubation at pH 5.0. A,  the loss of enzymatic 
activity of MB-monomer mitochondrial malate dehydrogenase incu- 
bated in 0.05 M sodium phosphate, pH 5.0, and the partial reversal by 
further incubation in 0.05 M sodium phosphate, pH 7.5. To begin the 
reactivation, the gel was fdtered and resuspended in the reactivation 
buffer. Incubation temperatures were 4°C (O), 25°C (B), and 35OC 
(A). B, correlation between the loss of enzymatic activity of MB- 
monomer malate dehydrogenase (0) and the increase in intrinsic 
protein fluorescence (A) upon incubation at 10°C in 0.05 M sodium 
phosphate, pH 5.0, and the reversal of these changes by resuspension 
and incubation of the MB-monomer at 10°C in 0.05 M sodium phos- 
phate, pH 7.5. Fluorescence excitation was at 280 nm and emission 
was monitored at 310 nm. Fluorescent emission at 310 nm corresponds 
solely to tyrosine fluorescence since tryptophan is absent from mito- 
chondrial malate dehydrogenase. The fluorescence change reflects a 
conformational change in the MB-monomer since tyrosine fluores- 
cence is normally independent of pH  in the range from 5.0 to 7.5. 
of the protein and activity levels is the result of a specific 
interaction between bound subunits  and added unbound sub- 
units of mitochondrial malate dehydrogenase which exist at  
pH 5.0. 
The observed specific activity of immobilized mitochondrial 
malate dehydrogenase to native mitochondrial malate dehy- 
drogenase was  50-65%. This finding is similar to  the results of 
studies of immobilized glyceraldehyde-3-phosphate dehydro- 
genase, glutamate dehydrogenase, transketolase, and transal- 
dolase. In contrast, immobilized lactate dehydrogenase had 
only about 15%  of the free enzyme specific activity (15). 
However, it was observed that  the specific activity of immo- 
bilized mitochondrial malate dehydrogenase was a much 
smaller fraction of that of the free enzyme specific activity (5- 
15%) if assays were carried out in the NADH -+ NAD' 
direction. Immobilization was thus found to cause a  greater 
perturbation of the kinetic parameters for the NADH + 
NAD' assay than  the NAD' .--) NADH assay. 
MB-mitochondrial malate dehydrogenase was found to be 
quite  stable when stored in a minimum volume of buffer, 0.05 
M sodium phosphate,  pH 7.5, at  4OC. Little or no loss of MB- 
dimer  activity occurred with storage  times of 2-3 weeks. A 
preparation of MB-dimer possessed 85% of the original activ- 
ity after 10 weeks of storage. Accompanying the gradual loss 
of activity with storage of MB-dimer was an appearance of 
enzymatic activity free in solution. In contrast, MB-monomer 
prepared by dissociation of the 10-week-old MB-dimer still 
possessed all of the activity of MB-monomer prepared after 
only several days  storage of the MB-dimer. This observation 
suggests that  the loss of activity of MB-dimer was due to 
dissociation and loss of a portion of the unbound subunits to 
the storage buffer. In  the following experiments, aliquots of 
resin were routinely removed from the storage buffer and 
filtered and the resin was suspended in fresh buffer to elimi- 
nate any interference from unbound mitochondrial malate 
dehydrogenase. Such  interference was a  potential problem for 
assays  in the NADH -+ NAD' direction since unbound mi- 
tochondrial malate dehydrogenase was found to have 10 times 
the specific activity of MB-mitochondrial malate dehydrogen- 
ase. On completion of experiments, resin suspensions were 
routinely centrifuged and  the  supernatant was again checked 
for enzymatic activity. 
The enhanced  stability of immobilized mitochondrial mal- 
ate dehydrogenase is similar to the observed stability for 
many other immobilized enzymes. One mechanism which has 
been suggested to explain the enhanced stability of an im- 
mobilized enzyme is that alteration of the enzyme microen- 
vironment upon association of the enzyme with a rigid support 
causes restriction of the conformational mobility of the  en- 
zyme. To  further characterize MB-dimer mitochondrial mal- 
ate dehydrogenase and MB-monomer mitochondrial malate 
dehydrogenase, their  stability toward heat denaturation was 
examined and compared to native mitochondrial malate  de- 
hydrogenase (Fig. 2). At 51"C, native mitochondrial malate 
dehydrogenase exhibited a first order loss of activity with a 
tl,z of approximately 2 min. MB-dimer exhibited a biphasic 
loss of enzymatic activity, each phase obeying first order 
kinetics. The rapid first phase exhibited a tllz of about 4% min 
and  the slower second phase exhibited a tl,z of about 14% min. 
MB-monomer exhibited a single first order loss of enzymatic 
activity with a t I l2  of about 14 min. Thus, MB-monomer is 
considerably more stable toward heat denaturation when com- 
pared to native mitochondrial malate dehydrogenase. The 
slower second phase of MB-dimer activity loss is almost 
identical with the monophasic MB-monomer activity loss. 
The biphasic heat denaturation of MB-dimer is interpreted to 
be the result of a more rapid heat denaturation of the unbound 
subunit compared to  the matrix-bound  subunit. 
Fig. 3 represents the  pH profile of activity for native mito- 
chondrial  malate dehydrogenase, MB-dimer, and MB-mono- 
mer assayed in the NAD' -+ NADH assay. There is a slight 
shift to  the alkaline in the optimum pH for MB-mitochondrial 
malate dehydrogenase. However, as can be  seen, the observed 
decrease in specific activity for immobilized mitochondrial 
malate dehydrogenase is not due to a change in the pH 
optimum for the assay. Similarly, Fig. 4 represents the pH 
activity profile for native and immobilized mitochondrial mal- 
ate dehydrogenase assayed in the NADH -+ NAD' direction. 
The greatly reduced specific activity of the immobilized mi- 
tochondrial malate dehydrogenase is clearly not due to an 
altered pH activity profile. 
To ensure that  the specific activities of immobilized and 
native  mitochondrial  malate dehydrogenase were compared 
under saturating substrate levels, the substrate saturation 
curves were determined and linearized in double reciprocal 
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FIG. 2. Heat denaturation of native mitochondrial malate 
dehydrogenase (O), MB-dimer (V), and MB-monomer (B) mi- 
tochondrial  malate dehydrogenase. The different  enzyme species 
were incubated at 51°C and assayed over time as described under 
“Experimental Procedures.” The ratio of the initial assay velocity at 
time t divided by the initial assay velocity at time zero is plotted in a 
semilog plot versus the incubation time. MB-monomer used in this 
experiment was produced  by a 2-h wash at pH 5.0 and possessed 55% 
of the protein of the original MB-dimer. 
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FIG. 3. The pH activity profile for  native (0). MB-dimer (V), 
and MB-monomer 0 mitochondrial malate dehydrogenase 
assayed  in  the NAD+ .+ NADH assay. MB-monomer used in this 
experiment was  produced by a 2-h wash at pH 5.0 and possessed 55% 
of the protein of the original MB-dimer. 
pH 
FIG. 4. The pH activity profile for native (0) and MB-dimer 
(V) mitochondrial  malate  dehydrogenase  assayed in the NADH 
”t NAD+ assay. 
plots. Table I1 represents a summary of the steady state 
kinetic parameters  determined for the different mitochondrial 
malate  dehydrogenase species. 
For  the NAD’ + NADH  assay,  the  apparent V,,, for MB- 
dimer,  when  either  the  concentration of NAD+ was  varied and 
the  concentration of malate was held saturating  or vice versa, 
was 5540% of that of the native enzyme’s V,,,,,. For MB- 
monomer,  the V,,, was  found to be 5045% of that of native 
enzyme. The K,  for NAD’ for immobilized mitochondrial 
malate  dehydrogenase  was  elevated 2- to 3-fold compared to 
native  mitochondrial  malate dehydrogenase. A slight eleva- 
tion in the K,,, for malate was observed  for MB-dimer  and a 
slightly larger  increase was seen for MB-monomer. 
In  contrast,  the kinetic parameters were altered consider- 
ably  more  for immobilized enzyme  assayed  in the  NADH -+ 
NAD’ direction. The  apparent Vmax when the  concentration 
of NADH  was varied and  the  concentration of oxalacetic  acid 
was held saturating  was  about 10% of the  native enzyme Vmax 
for  both  MB-dimer  and  MB-monomer.  The V,,, determined 
from an intercept replot of data obtained by varying the 
concentration of oxalacetic  acid  for  a  series of different fixed 
subsaturating  concentrations of NADH gave a  similar result 
of about 10% native V,, for MB-dimer. Two  substrate  satu- 
ration  curves for  oxalacetic  acid at two different fixed concen- 
trations of NADH with MB-monomer were determined.  The 
maximal velocities were  similar to  those for MB-dimer  and, 
therefore,  further  data for an  intercept  replot were not ob- 
tained. As indicated in Table 11, the K,,, for NADH and 
oxalacetic  acid was altered significantly  for immobilized mi- 
tochondrial  malate dehydrogenase when  compared  to  native 
enzyme. 
A possible factor  contributing  to  the decreased activity of 
immobilized mitochondrial malate dehydrogenase could be 
immobilization of some enzyme which has been denatured 
during  the immobilization procedure. However, this possibil- 
ity does not  account for the  much  greater  decrease in  observed 
enzymatic  activity for immobilized mitochondrial malate  de- 
hydrogenase assayed  in the  NADH -+ NAD’ assay. Another 
possible factor which might decrease the activity of MB- 
mitochondrial malate dehydrogenase is that linkage could 
sometimes occur through lysine residues essential for enzy- 
matic activity.  However,  a study of the  activity of immobilized 
enzyme  linked  in the presence of a stoichiometric  amount of 
NADH  and  an excess of L-malate  for protection of the active 
site  compared  to enzyme  linked  in the absence of substrates 
indicated no difference in the immobilized enzyme specific 
activity. An  additional possibility to be considered is that of 
diffusion limitations for substrates.  This factor,  however,  does 
not  seem  to be a  significant cause of the  decreased  activity of 
immobilized mitochondrial  malate dehydrogenase  for several 
reasons. The relationship between the specific activity of 
TABLE 11 
The  steady  state kinetic parameters for native and immobilized 
mitochondrial malate  dehydrogenase 
N A D t &   N A O H   O l R t C l l O N  
WIlYi mMDH PAAiRiX DlMW M A I R l X  MONOMtR 
KII I  N A D ‘  
3 . 5  mM 4 . 8  mM 6 0 m M  b118 MA1 
0 . 3 8  mM 1. I mM 0 8 8  mM 
~ p p  vllldX N A D ’  v a r  1 8 0  u n l t r f m q  2 3 0  u n l l r l m q  200 u n l l r l m q  
d p p  Vlllal MAL v a r .  3 8 0  u n l l r f m q  2 1 0  u n l l r l m q  200 u n l l r f m q  
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immobilized and  native  mitochondrial  malate dehydrogenase 
is similar to  the  relationship  between  the V,,, values  which  in 
principle are based on  extrapolation  to infinite substrate con- 
centration. Although the  substrate  saturation  curves  for  im- 
mobilized mitochondrial malate  dehydrogenase were altered, 
Michaelis-Menten  kinetics  was  still  observed,  with saturation 
occurring at higher substrate  concentrations  and at  reduced 
V,,,,. This  indicates  that  restricted iffusion of substrates per 
se is  not causing the decreased activity of immobilized mito- 
chondrial  malate dehydrogenase. In  addition,  the  heat  dena- 
turation of the immobilized mitochondrial malate dehydro- 
genase  did not proceed slowly at  first  and increase  over time 
as would be the case if diffusion restrictions were important. 
Since  the  amount of bound protein is quite low, only about 
200 pg/ml of packed gel for MB-dimer,  and  assays involved 
only 100 pl of a dilute suspension of the gel in  a 3-ml volume 
with  continuous stirring, it is reasonable  that diffusion restric- 
tions would not be  significant. 
As an  alternative explanation, it  seems likely that  restric- 
tions on the conformational mobility of immobilized mito- 
chondrial  malate dehydrogenase might  contribute  to  the  de- 
creased specific activity. The  enhanced  heat  stability of MB- 
mitochondrial  malate  dehydrogenase  supports  the suggestion 
that bound  mitochondrial malate dehydrogenase is more con- 
formationally rigid. Why  this should have a greater effect on 
catalysis  in the  NADH + NAD' direction is not clear at this 
time. However, it is possible that  restrictions  on conforma- 
tional mobility prevent  normal  subunit  interactions for MB- 
dimer. Experiments  are  in progress to examine this possibility 
by looking for  alterations in the  anomalous kinetic character- 
istics  which originally led to  the proposal of a  reciprocating 
mechanism for the enzyme (27, 28). It  is  interesting  to  note 
that several  long chain  fatty acyl-CoA  derivatives (29) as well 
as lipoic acid (30) have been found to associate with mito- 
chondrial  malate dehydrogenase and  act  as  potent inhibitors. 
Long chain  fatty acyl-CoA derivatives such  as palmitoyl-CoA 
have been  suggested to play  a physiological role  in the regu- 
lation of mitochondrial malate dehydrogenase in that they 
exhibit  potent inhibitory  effects at  micromolar concentrations 
on catalysis  in the  NADH + NAD' direction while exhibiting 
very little effect on  the NAD' --* NADH direction (28). 
In conclusion, immobilized subunits of mitochondrial mal- 
ate dehydrogenase have been  found to  have a  similar catalytic 
activity  as immobilized dimeric mitochondrial  malate  dehy- 
drogenase. However, immobilization decreases the  catalytic 
activity of both when compared  to  native enzyme especially 
for catalysis in the NADH -+ NAD' direction. Thus, it is 
apparent  that  subunit  interactions  are not  required  for enzy- 
matic  activity  but  may play an  as  yet  undetermined role  in 
increased catalytic efficiency. 
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